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SUMMARY

Detailed methodz are presented for determining the
corrections to results from wind-tunnel tests of three-
dimensional models for the effects of the model-support
system, the nonuniform alr flow in the tunnel, and the
tunnel walls or jet boundaries. The procedures for
determining the ceorrections are illustrated by equations
and the required tests are discussed, Particular atten-~
tion is given to the parts of the procedures dealing with
drag measurements. Two general metnodes that are used
for determining and applying the corrections to force
tects are dlscussed. Jome discussion is also Included
of the carrection procedures ‘to be used for wake survey
testa. The methode described in this report apply only
to tests at suberitical speeds.

INTRCDUCTION

The purpose of the present report 1s to discuss
methods for determining the air-flow conditions in wind
tunnels designed for the testing of three-dimensional
models and to indlcate the procedure for applylng the
necessary corrections to the measured aerocynamic char-
scteristicc of the model. The various factors that
affect the applicability of wind-tunnel tects to flight
have been studied for many vears. (See references and
bibllography.) Recently, with the development of
cleaner alrplanes operating at high 1ift coefficlients
end of large high-gpeed low-turbulence wind tunnrels,
the problem of determining the corrections to the
required degree of accuracy has become increasingly
acute.
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The usual practice of predicting the flylng qualitiles
of alrplanes from wind-tunnel tests of relatively small-
scale models makes 1t imperative that the model test
resultes be gorrected to free-air conditions. In addition,
the large number of wind tunnels in use makes it desirable
that a more or less standard calibration and correction
procedurs be adopted Iin order to make data from different
tunnels as nearly comparable as possiktle. Not much com-
prenenglve informatlon has been publicshed previously on
the subject of wind-tunnel calibraticon and correction
methods. The discussion contaired in reference 1 is
rrobably the best information to date. A discussion is
given 1in the present report of the methods in use at the
present time for calibrating s wind tunnel and determining
the correctlons to be applied to the measured mcdel data.
Some refirements to the usual procedures are suggested
wlth speecilal attention to those partz of the procedure
that aflfect the drag measurements., The use of large
models in order to more nearly approach the Reynolds
numbers ohtained in flight has increaced the magnitude
and thus the Importance »f the jet-boundary correciions.
A detailed discussion of jet-boundary corrections is
not given herein, however, becauvse this subject, except
for the effects of compressibility, has been treated
rather thoroushly in previous publications. (See refer-
ences 2 to 12.)

A11 the following discussion applles only to tests
made at subcritical speeds and for arrangements giving
fairly low reestrictlion effects, The discuscion is also
limited to three-dimencional-model tecsts., The procedures
described conprise only the part of the tunnel-testing
technique concerned with determining the corrections to
the model data nece=zlitated by the differences between
the air-flow conditions in ths tunnel and those in an
vnlimited wniform alr stream with the same Reynolds
nurber, Mach nurber, turbulence, and other factors.

For purposcs of simplicity, only three components - 1ift,
drag, and pitching moment - are considered in most of

the discussion. Corrections to the other three components
may be derived by procedures similar tc those glven hereln.
During the conversion of the data to final form, 1t will
usually be necescary to apply some corrections for the
deflections of the balance gystem and to transfer the
forces and moments to other selts of axes but, since these
corrections are eesentially geormetric and not aerodynamic
rroblems, they are not dealt with in this report.
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effective volume of body for statlic-pressure-
gradlent corrections (denoted by A' in
references 2 and 3)

wing aresa

wing spéan

#lrg chord

sranwice distance from center of tunnel

angle of incidence of horizontal tall surface

absolute stagnation temperature at low-cpeed
section of tunnel

absoclute temperature at test section of tunnel
static-orifice pressure difference

statle pressure

dynemic preassure

angle of atteck

alr dersity

angle used in derlvation of alinement-angle

1 “Ps
correctlon (8 = tan™" ==
‘)IJS

ratis cf =zpecific heat at constant pressure to
epeclific heat at constant volume

alinement angle, degrees (angle hetween air-
stream divection and drag axls of halance
system)

chiange in alinement angle

ratio of Inecremert of dynamic prezssurec to clear-

thunnel drnamic pressure
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Subscripts

In allnement-angle equations:

S scals reading
E erect-model test
I inverted-model test
av average
W welghted arncording to span-load distribution
In tare equatinone:
1 test of model on tare support
2 test of model on tare support with dummy support
in place
. 3 teact of wodel on normal support
- M model
’ T tare support
D dummy support
N normal supnort
I Interference

Combinations of these conditions (MT, MD, etc.) are also
uszd as subscripts in the tare egquatlions,

The HACA standard system of wind axes 1s used for
ell equations.
GFENRERAL DISCUSSTON
Baslic Corrections Necearsary
Before the results of wind-tunnel tests on a mndel
- can be uscd to predict the flying qualities of an alr-

rlane, cnrrectinnes to the measured acrodynamic character-
lstics must be determined to account for the effects of
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the mocdel~-support system, the nonuniform alr-flow condi-
ticns in the tunnel, and the tunrel walls or jet bounda-
ries,

Taree.,~ The corrections for the effects of the
model-cupnort system are usually determined in the form
of increments of forces and moments or the corresponding
coeflficiente and are called tarcs. The tares are com-
posed of the direct air forces on the support system
plus the mutual interference between the support system
and the model. Tt could ve expected, therefore, that
tre tares weculd be greatly dependent on the eize and
shape of supports, the configuration of the model, and
the point of attachment of the supports to the model.
The relatively preat effect of the model configuration
on the tarcs is illustrated in figure 1, which presents
some tare values measured in the Langley 7- by 10-foot
tunnel for two different models under reveral test con-
ditions.,

Because of their dependence upon the support and
model configuration, the tares should be determined
experimentally for each model. The tare tests should
be made with the complete model including tail surfaces.
This condition 1s neccscary because the tall of the
model may pass into or out of a region of reduced
veloclity behind the support struts as the model is
pitched or vawed and may thus affect the pltching
moments and yawing moments. The tares should be ceter=
mined for all test conditions to be encountered, such
as the conditions with the flap neutral and deflected,
with tl.e model yawed, wlth several power conditlons,
and with any model modification that might affect the
tares. This requirement 1s particularly Important when
accurate drag measurements are desired because, ag Indi-
cated in figure 1, the drag tarss may often be greater
than tle drag of the alirfoll.

Nonuniform alr-flow conditions,- The nonuniformi-
ties In the air stream may be thought of as belonglng
in the three following categories:

(1) A change in the average airspeed along the
longitudinal axis of the tunnel

(2) A variation in sailrspeed over a plane perpen-
dicular to the longlitudinal axls

5
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(2) A variation in the alr-flow angle in the
region occupled by the model

. The change in the average alrspeed along the
axis of the tunnel is caused by &any actual or effec-
tive convergence or divergence of the alr stream.
This change 1in velocity along the axis of the tunnel
causes a varlation in the static pressure and a correc-
tion must be applied to the drag to account for the
buoyancy effect of any such static-pressure gradient.
For an open-throat tunnel the possibility of having a
diverging or converglng alr stream is obvious. For a
closed-throat tunnel the formation of a bouncdary layer
along the walls of the test section changes the effec-
tive shape of the tunnel. Closed=-throat tunnels are
usually deslgned with a slightly divergent test sectlon
to counteract this effect but in any casze the static-
pressure gradlent must be measured. The tunnel leakage
conditions can have a very marked effect on the static-
pressure gradient (references 2 and Z) because a leak
in the tunnel chanrges its effective shape. All holes in
the tunnel walls of the test section should therefore
be sealed. If sealing 1s not possible, the amount of
leakage cshould be maintalned as nearly constant as pos-
sible.

The alrspeed generally varies slightly from point
to point in a plare perpendicular to the tunnel axis.
The usual procedure for correcting the test results for
this variation 1in velocity 1s to use the average value
of the dynamic pressure over the space occupied by the
model in computing the model coefficlents.

The deviation of the direction of the air velocity
from the drag axis of the balance system over the
region occupled by the model has a conslderable effect
on the measured model characteristics, particularly on
the drag. Lift anc drag are defined as the forces
parallel and perpendlcular, respectively, to the air-
stream direction. If the average alinement angle ¢ is
not zero, the 1ift and drag forces measured by tre
balance csystem will not be the true 1ift and drag as
may easily be seen from the following derlvation:

CL CR cos8s (@ + E)

Cr (cos 3 cos € = sin § sin ¢)
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Inasruch as ¢ 12 a small angle, ccs ¢ = 1.0 and
N €
sin ¢ = zw—z. Therefore,

(92 N

Cr. = Cp cos @ = gw=x Cf sin B

= Crg - ®7.3 Cng (1)

Similarly,

1)

Cr =in (3 + €

= Cg {#in p cos € + cos 8 =in )

= Cg gin 3 + “ﬁ%@ Cr cos 3
= C b o O (2)
Da 57.3 “Lg =

This derfvation mav be applied to either the erect-model
o

sr inverted-model condition as indicated In figure 2.

Becauvse the alinement angle 1s small and becaure the
1ift 1s generally many times greater than the crag, the
1i£t 1s not appreciably affected by the allinement angle
and is considered correct as read, insofar as the allne-
ment anele 1s concerned. The drag, however, 18 appre-
ciably alfected and a correction must be applied as is
explained in detail in the section entitled "Alinement-
Angle Corrections." The angle of attack must alss be
carrected by the amount of the average alinement angle
end, if there 1l a difference in the measured alinewment
angle at the wing and at the usual location of the tail
surfaces, a correction to the model trim (pitching-
morient) cendition must be made.

Jet-boundary corrections.- The tunnel walls, or
jet boundariew«, place certaln restrictions on the alr
flow around the model and thus cause a change in the
direction and curvature of the alr strcam and a change
in the airspced at the model. The amount of the
restriction is, of course, dependent on the cross-
sectional shape of the tunnel, the model ¢onfiguration,
the relative sizes of the model and the tunnel, and the
position and attitude of the medel in the tunnel. For
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a closed-throat tunrel the effect of the tunnel walls 1is
generally to 1limit the downwasgh arcund the model and
thus to cause an effeciive upward deflection and an
upward curvatire of the alr stream. A dlsplacement
blocking occcurs because the rigid walle also prohibit
thie expension of the air stream as it passes around the
model ard, as the alr Is constralined to a smaller cross-
sectional area, the velocity correspondingly increases.
This Increase In thre velceity is generally considered
seperately. Tor ar onen-throat tunnel a physical
interpretation of the jet-boundary effects may be
obtained by considering that the masss of moving air
which lg affected by the model is not so large as the
mase which would be affected if the model were in an
unlimited atr stresam. The alr stream thus undergoes a
greater deflection and curvature and a greater expansion
in ras=irec over the model than 1t would experience if it
were of infinlte extent. The effect of the jet bounda-
ries for an open-throat tunnel 1s therefore generally

of oppocite sign from the effect of the tunnel walls

for a closed-~thrnat tunnel,

The subiect of jet-boundary Interference has been
rather extensivelv investigated for all types of wind
tunnels in common use. (See references £ to 12 and
bibliorraphy.) Since jet-boundary interference 1s
discussed adequately in many reports, any further dis-
cugsion in this naper is deemed unnecessary. In
table I eare listed the various reports from which
numerical values of the dlfferent correcctions for a
nurber of model-tunrel arrangements may be obtained.

For thnse cares in which the came information is repeated
in several renorts, only one of the reports is llsted.
Detailed 1llustrative examples of the methods cf calcu-
lating jet-houndary correctlons are glvern In references 9
and 10.

The information on rlocking corrections for sym-
metrical bodies presented in reference Z 1s a summary
of the best data availahle, A discussion of the use of
the electric tank for determination of blocking correc-
tions for three-dimensional nonlifting bedles 1s glven
in reference 1l4. An approximate rule for estimating
the blocking corrections for a lifting wing In closed-
throat tunnels is to multiply the indlcated dynamlc
pressure by the quantity 1 + Z%T where A/A' 1is the

fractisn of the cross-zectional area of the tunnel
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blocked off by the mrdel., Thias gimnle emplrical factor
was derived from the results of utnpublished tests to
Getermlne the hlocking correction for the 1ift of two-
dimensional~flow models as well as from resvlts of a
few tests to determine the corrcctlons for three-
dimensional wings. Tt should be noted that the data on
hlocking corrections for symmetrical bodles given in
reference £ indicate that the correction varles as the
square of the area blocked off, wvhereas the experimental
cdata on lifting wvings indicate thiat the correction
varies linearly as the arez blocked off. The numerical
values are roughly the same, however, for the usual
noderate-size models. The simple rule for estimating
the ccrrection ig falrly accurate fer aerodynamically
clean bodies such as plain wings. @or bluflf bodles or
bodlies of any other form that creates a large wake,
such as a wing with a split flap, an additional correc-
tion due to the static-prescure gradlient generated LY
the weke should be made as outlined in reference 2.
This additional correctlion is In good agreement with
the exrerimentally determined additional correction
obtalned Trom the teets with split flaprs deflected.

The caleculatlons of reference 2 indicate that for
en open~throat turnel the change in dynamic pressure
caused by blocking effect for an aerodynamlically clean
body is of the opposlite sgign and mach smaller In magni-
tude than that for a closed-throat tunrel. The addi-
tional correctiorn for the blocking effect caused by the
wake statlc-pres~sure gradient of a hluff bLody is essen-
tially zero in an open-throat tunnel.

Criterions of Sinmllitude

The criterions of similiitude that are of primary
Importance to wlnd-turnel testing are the alr-stream
turbulence, the Reynolds nmumber, and the Mach number.
It 1e rarely possidle to satislv these three criterions
gimultanensusly orn the model. The ususl nprocedure is to
attenpt to sgatliefly one or twe of the crlterion:z
that would be expected to have the greatecst effect for
the ftests under consideration.

Turonlence ig defined as 4 rapid varlation in
velocity at a point with time. Although the gualitative
effects of turbulence are fairly well known, the theory
and data availlable are not sufficient to permit the
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determination of satisfactory corrections. For any tunnel,
however, the numerical value of the turbulence should be
known 1in order to facilitate a comparicon of the data with
data from other wind tunnels or from flight tests or to
study further the turbulence effects. The Reynolds number
and Mach number are alco quantities for which no completely
satisfactory methods of correction have been devised.

For purposes of comparison with other data, thelr valves
should be known, however, and specified for all model
tests for which they are likely to have an effect. Because
the support system causes local changes in the air flow,
it may be desirable for some tests, in which Mach number
effects are especially critical, to specify not only the
average Mach number of the air flow but also the local
Mach numbers near the gupports.

Correction Methods

The successful application of corrections te wind-
tunnel data 1s dependent on the type of tunnel used for
testing. Two methods are available for general use and
for convenience are designated herein method A and method B.
Fethod A, which 1is based on a clear-tunnel air-flow survey,
is more stralghtforward and is believed to be more accurate
than method B, which is based on a survey with the model
support struts 1In place. The main emphasis of the discus-
aion contained herein is therefore placed on method A.
Method B Is recommended only for use in large ogen tunnels
in which mechanical difficulties assoclated with mounting
exact-image supports above the model for tare and aline-
ment estimations become excesslve,

Method A.- This method is based on an air-flow
survey with no model or supports in the tunnel (to be
called the clear-tunnel survey) and the tares are deter-
mined in such a way as to include all the effects caused
by the support struts or wires. The tares are ordinarily
the first correctlons to be applied to the measured data.
If the tares are deflined as the total effect of the
support system, their subtractlon from the measured data
leaveg the data in a condition representing the model
In the tunnel with no support system. The effect of the
dynamic-pressure change caused by the presence of the
supports having been accounted for, the dynamic pressure
to be used In computing the coefficients is that obtained
from the clear-tunnel air-flow survey. The next correc-
tions to be applied are the corrections to the angle of
attack and drag to account for the allnement angle and
the static-pressure gradient, also determined from the
clear-tunnel survey. The data are now corrected for the



effects of the support system and the nonuniformitlies

in the air =stream. If the jet-boundary correctlons are
aprlied alorg with the blocking correctlons, the data
then represent the model in an unlimlted uniform alr
stream. Although, properly speaking, the blocklng cor-
rectior is &n effect caused by the presence of the
tunnel walls or jet boundaries, it 1s most easlly
applied in the second step simply as a correctlon to the
value of q used in computing the coefficiente. One
variation from this procedure, which i1s sometimes used,
is to apply the Jjet-boundary correctlons before the

tare corrections. The tares must then be corrected for
jet-houndary interference. The difference In the

results from the two methods will zenerally be nepligible,
Tn this renort the tares will be determined so that they
may be applied first.

Method E.- As hae been previocusly noted, method B
is based on &n alr-flow survey with the support struts
in place. The tares determined by use of this method
include any effects of the support system that have not
been accounted for in the alr-flow survey. If the basic .
air-flow survey ls& made with the supports In place, the
effect of the supports in causing changes in dynanmic
pressure and alr-flow anpgularity has been accounted for.
The tares for this system should then include »nly the
air forces on the exposed parts of the support system
plus the effects of the model on the svpports. The
procedure for determining the tares by thilis method is
different from that of method A. After the tares have
been applied, the coeffliclents are computed with a
dynamic-prezsure value for the supports in rplace. The
correction procedure from this point on 1s the same for
method B as for method A.

Wake-Shadow Effects

Yome additional effects that should be accounted
for 1n both correction methods are those caused by the
"walke shadow.' The wake shadow 13 defined as the loss
in total pressure and dynamic pressure and the posesible
changes in air-flow angle, static pressure, and turbu-
lence that occur when the wake of the model is carried
around the return passages of the tunnel wilithout being
diffused or dicsipated. The change in q caused by the
wake is called wake blocking. The effect of wake block-
ing on the model may be taken care of by apprlylng a

i)
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correction to the value of q used for computing the
coefriciznte.

At precent rno catisfactory methed of measuring the
changes on sir-flow angle sand static-pressure gradient
caused by wake shadow has been develored and tried
experimentally. If, therasfore, any diffliculties
resulting from wake shadow are found to exist in a wind
tunnel, the best procedure probably would be to modify
the turnel by adding screens or diffuser vanes in such
a way that the wake shadow would be eliminated.

The wake shadow need not nrecesgsarily pass directly
over the mcdel to cause large errors. For example, if
the wake in traveling around the return passages 1is
deflected well below the medel, 1t will pass near the
static orifices (used to indicate the dynamic pressure)
on tke floor of the tunnel. TIf the static orifices
on the roof and floor are not connected symmetrically,

e resulting alr flow through the connecting tubes

will then glve erronecus indications of the dynamic
prescure. It might be noted that if the difference in
alr rressure hetween the orifices is large, the alr flow
through the tubes may be turbulent instead of laminar
and the Indicated dyrnamlc pressure will be erroneous
even though the orlifices are connected symmetrically.

Incorrect design of the gulide vanes, the tunnel
propeller and nacelle, or the return passages may
result in very irreguvlar or pulsating air-flow condi-
tions. In particular, introducing the model Iin the
wind tunnel or changing the model attitude may cauce
alr-flow separation somewhere In the return parcsages
and change appreclably the alr-flow conditions. Although
this condltion 1s not properly a form of wake shadow, it
is detected and corrected for in much the same manner as
wake shadow,

DFETATILYD CALIBRATTON AND CORRECTTION METECDS

Calibration

Air-flow survevg.- The first =step in the calibration
procedure 1ls the measurement of the alr-{flow condlitions
in the tunnel with the model removed, Tor correction
method A outlined in the preceding section, the support
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struts must also be rermoved from the turnel. For correc- -
tion method E, the support struts must remain in the -
tuonnel. The firct source of inaccuracy of the second

system may be mertioncd here. It 1s difficult to measure

thhe dvramic pressure near and at the support system

tecausge, 1in practice, part of the support system 1s

enclosed in the model and any changes in veloclty caused

by these otherwlse enclosed parts are thus errors.

The alr-flow surveys should be made over a plane
perpendicular to the alr stream at the pneition to be
occupied by the wing of a medel to he tested. TUsually
this position 1s &t, or very near, the support-strut
location. The survey should be made &t various polnts
on a line across the tunnel at seversl helghts to cover
all possible model variations. Thils origingl tunnel
survey should be made rather accurately and completely.
Unless some alteratisne are made to the turnel or unless
some change 1n the alr-flow conditions hae been 1lndi-
cated, only occasional check surveys will be necessarye.

The neasurements over thils survey plane may be made
with a combined piltch, yaw, and pibot-static tube and
with manometers measuring total pressure, ctatic pres-
sure, and air-flow angularity with reepect to the drag
axis of the talance system, Some detalls on the con- -
struction ard use of thece instruments can be found in
references €, 15, and 16, The measurements are made
for a constant reading h on the manometer connecting
the two sets of statle orifices., There orifices are
static-pressure holes set into the walls of the tunnel
at two sections upstream of the model. The difference
in pressure between the two sete of orlfices 12 a
function of the dynamic pressure. The cstatlic orlfices
at each section should he connected 1n a symretrical
manner to minimize the effect on the pressure readlngs
of any flow between the orifices caused by the model
pressure field or by a wake shadow. From the total
pressure and static pressure measured at cach polnt in
the survey plane, the Impact pressurc may be obtained.
The measurements shounld be repeated several times to
improve the accuracy.

The accurate messurement of the alr-flow angularity -
(or alinerent angle) with the vaw head 1s probably the
most difficult psrt of the tunnel calibration. Most
yaw heads cannot be expected to measure angles to a i
greater accuracy than 0.25° (reference 15). An error
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in the alinement angle of 0,25° will cause an error in
the drag results of 0.0044Cy, which is excessive. The

alinement angle at each section may be cdetermined some-
what more accurately by use of a faired curve through a
great many polnts obtalned by repeating the tests. The
difficulty in ovtaining more accurate readings is probably
caused malnly by the lack of sufficient rigidity in the
mounting support for the yaw head and by the errors made
in measuring the initial setting. The support should
therefore be designed with the greatest care; a support
spanning the tunnel rather than a cantilever support should
be used. TBrect and inverted yaw-head tests with the same
mounting system are desirable. Recause of the relatively
large inaccuracy of the yaw-head measurements, the aline-
ment angles sre generally determined from actual model
tests, as is shown later in the section “"Alinement-Angle
Corrections." The alinement angles measured by the yaw
head may still be of valuve, however, if the variation in
angularity acrogs the tunnel is greater than the accuracy
of measurement. The yaw-head measurements may be adjusted
to agree with the average alinement angle as cetermined
from the model tests and the resulting variation may be
used to compute the alinement angle for each model, as
will be shown in detaill.

The static precsure must be measured at a number of
points along the longitudlnal axls of the tunnel over
enough distance to Include the complete length of any
model llkely to Le tested. If tne static pressure 1s not
constant, a buoyancy correctlon to the drag will be neces-
sary. The measurements of the statlc-pressure gradient
riust be made very carefully. Rather long static-pressure
tubes have been found most satisfactory for this work. In
any case, the static-pressure tube must be carefully
calibrated.,

The alinement angles should be measured at various
locatlons behind the survey plane to determine any change
in alinement angle behind the wing that will nececsitate a
correction to the pltching moment as mentioned previously.

Turbulence measurement.,- Although corrections are
usually not applled for alr-stream turbulence, the value
of the turbulence chould be known and can be measured
when the tunnel surveys are made., The turbulence of the
wind tunnel may be determined by sphere testrs, described
In reference 17, provided the tunnel 1s at least mod-
erately turbulent. If the tunnel is a low-turbulence wind
tunnel, it will be necessary to use hot-wire-anemometer
equipment (reference 18) to determire the turbulence
level of the air stream. The measurements should be
checked wlth several instruments and should be made at
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several tunnel alrspeeds because the increaged tunnel
and motor vibratlons that accompany & rise in tunnel
speed often apprecisably increease the turbulernce.

Por an extremnely low-turbulence tunnel with con-
ditions spproaching free-alr conditions, the hot-wire
method becomes inadequate because varlous disturbing
influences, such as the vibration of the wire, cause
readings to be nlgher than those caused by turbulence,.
Comparative turbulence measurements In such cactes may
be estimated from tests of low-drag airfoils that are
very sencitive to changes in turbu%ence.

Corrections

Once the tunnel calibrationz are completed, the
specific corrections affecting the aerodynamic coeffl-
clents may be computed.

Dvnamlc-pressure factor.- In order to determine
the dynamic-pressure factor, the value of 1q measvred
at each point on the survey plane 1is dividec by the
static-orifice pressure difference h and the values
of g/h are plotted against vy, the dirtance across
the tunnel in a spanwise dircc%ion. A curve drawn
through the points gives the dynamic-precsure varlation
across the turnel. The dynariic pressure for any gZlven
model test 1s then equal to the static-orifice precssure
difference as observed during the test times the average
value of q/h across the model span. A mechanical
integration of the g/h curve can then be made across
the model span. Thus,

\b/E
4

Q=5 i ay (3)
-b/2

If the spanwlse variation of g/t arge, how-
W -

ever, the values of gq/h should be weighte
to wing chord for tapercd wing models to glve 8 better
approximation.
. b/2
1=3 (q/n)c dy (4)
J-—b/Z

In crder to determine the exact «, 1t would be
necessary to welght the q/h variation according

to the spanwlse 1ilft distrihution for the 1ift calcu-
lations ard according to the spanwise drag distributlon
for the drag celculations. This procedure obviously
involves an excessive amount of work wiih only a srall
inerease in accuracy over that of equation (4).
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If the method of tunnel operation is such that it is
possible tn maintaln a given h during a test run,
this procedure may be reversed and the value of h %o
he used can be calculated for any desired q. Curves
msy be plotted of q s&agalnst h as found from equa-
tion (4) for a wide range of model spans and plan forms
and the density of the nmanometer liquld should be taken
into account. Wse of these curves will save time, as
they make 1t unnecessary to compute q or h for each
test or each tezt point.

Corrections to the value of q for the effects of
wake blocking and displacement blocking must be made 1if
these effecte are found to he appreciable., These cor-
rections depend uporni the model conflguration, however,
and are thus not concerned with the clear-tunnel cali-
hration.

At speeds in the compressible range, the lmpact
pressure H - p, determined from the alr-flow surveys,
ia larger than the truc value of q. The corrected
g may be found from the relation

34 =1
gl o (5)
where
Fc=1+%—mg+a}5m4+... (6)

In high-cpeed testling, the Mach number is of primary
importance and should be known for all tests. The Mach
number may be obtained from the equation

x-1
o _ 2 1 Y
M—Y_l<_ﬁ_;o_> -1 (7)
H

If the true velocity 13 desired for uvse In computing the
Reynolds number or the advance-diameter ratio for power
or propeller tests, the alr density during the test

mist be known. In order to calculate this density, it
1s neceasary to know the temperature of the air in the
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test section. The u=zuel method Is fto measure the tem-
rerature at the low-cpeed section ahezd of the entrance
cone and to caleculate the test-section temperature from
the equation

. r=1
a _ H-p\Y
T ’(1 - TH ) (&)
The correct density is then
/v '
=412 E-p}y’’
PERT (1 T TE ) (%)

As the correct value of both g and p are now known,
the velocity can be calculated. "The velocity may also
be computed from the formula

/—-——- —

V = MV v BT, (10)

If the model 1s large and riear the static orifices,
a further correction to q wmay be neceszary to account
for the influence of the model pressure {ield on the
static nressure at the orifices, The correction may
be calculated with satisfactory accuracy from the known
fields of flow around airfoils and streamline bodles in
wind tunnels and is generally fairly small.

Alinement-angle corrections.- The alinement angle,
obtalired from the yaw-head surveys, is used in cor-
recting the angle of attack and the drag. The angle
used must be obtained from an integration (mathematical
or experimental) across the model span. As mentioned
previously, however, the angles obtained from the jaw-
hiead surveys are usnally not accurate enough Ior use
when precise drag results are desired. For example,
consider a low-drag airfoil with & design 1lift coeffi-
cient of 0.4. An alinement-angle error of 0.1° causes
an error of CGOO07 in the minimwn drag coefficient. A
more accurate alinement-angle correction, which may be
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used only with correction method A, however, 1s usually
determined from two tests on a model wing. One test 1s
macde with the model mounted erect and the other test
with the model inverted. From figure 2(a) and the deri-
vation of equation (2), the correct drag coefficient

for the erect model is

€
Cp = Cpg_ * Crg, B7.3 (11)

ol

fa)

&

The signes of all coefficlents and angles are taken with
respect to the tunrel. For the inverted model (fig. 2(v)),
he correct drag coefficient i1s

Op = Opg_ * Crg_ &7o (12)

If all other effects have been accounted for except the
alinement angle, the two drag coefficients must be equal
at a given 1ift coefficlent

CD,3 + CLS 7.5 = Cp, * Cp
‘.I ..I

but, according to the sign convention,

Thus,

€ = - = )sn.3 (13)

The difference in drag between the value for the
model erect and the model inverted 1z then plotted
against 1ift cocefficlent and the slope of a straight
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line falred througch the proints 1s rultiplied by 57.3/2

to obtain the average alinement angle In degrees. The
accuracy of this procedure depends upon the fact trat

all other effects have been correctly accounted for. It
is necesszary therefore to account for the tares with the
utrost precision. In order to avoid actually determining
and applving the tare correctlons, however, the tests for
both the erect and inverted models are made with an exact
set of irage supports (flg. &) mounted on the opposite
side of the wing from the normal supports. The tares are
thus automatically accounted for by this test procedure.
It is also very important that the leakage effects around
the support strut or falring bte exsctly reproduced in

the durmiles. Tests in two different wind tunnels have
shown errors of as much as 0.28 In the slinement angle
due to incorrect leakage reproduction. The average aline-
ment angle determined in this way will be welghted
according to the spanwise load distribution as can be seen
from the following derlivation:

At any sectlon

Ad = le

EClcq dD

The total-drag correction 1s then

bv/2
AD = /ﬂ €cy;cq dy

-v/2

. bv/2
ACp = e Jf €cycq 4y (14)

b/2

This correction is applied to the wind-tunnel data in
the form

ACp = €gy Op + K (15)
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where K 1s the drag correctlon at zero 1ift and will
be zero 1f the wing has no aerodynamic twist and the
variation of € &across the span 1s not great enough to
result in an effective aerodynamic twist. If the
alinemont angle varles appreciably across the model
span, the average value will thus be different for dif-
ferent wing configurations. For this reason, alinement-
angle tests are frequently made individually for each
model tested., It is believed that the extra time
requlired with thie procedure 1s unnecessary and that the
accuracy may be increased if a little more time and care
are taken in the original tunnel calibratlon to determine
the alinement angle for different wing configurations.
Several wings, of different spans and plan forms and
preferably with transition fixed by means of transltion
stripe, should be tested with and without partial-span
flaps in order to determine the alinement-angle varia-
tion with wing configuration. Because the drag coeffi-
ciente sre compared at a constant 1ift for the erect and
inverted model, the alrfoll section used will have no
effect on the results, unless the airfoil drag is
unusually sensitive to transition, surface roughness,
and so forth. In this case, much more care 1s required
In the tests.

The alinement-angle measurements made with the yaw
head may now be checked by the use of €av as deter=-
w
mined from the force tests; that is, by use of the span
load distribution for the winge tested and the alinement-
angle distributions from the yaw-head surveys, €avy

may be calculated from equations (14) and (18). If the
yaw-head determinations are correct, the calculated

values of €, willl agree with the force-test results
w

within the required accuracy. If they do not, the values
of € at each point as determined from the yaw head may
be ralsed or lowered slightly until the calculated and
measured values of eavw agree. This procedure 1s of

use only when the variation of ¢ from point to polint
across the tunnel 1s greater than the accuracy of the
yaw-head readings. In such cases the yaw head will
generally glve a smaller percentage error In the varia-
tion from point to point than in the absolute value at
each polnt.
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The allnement angle to be used for correcting the
angle of attack 1s not quite the same as that to be used
to correct the drag because different methods of averaging
the alirement angles should be usged for the 11ift and
for the drag. The error In using €ay, 8t the angle-

of-attack correction 1lg usuelly small, however, so that
the game angle may generally bs used for correcting the
argle of attack as 13 used for the drag.

For the correction method 3B, the alinement angle
to be used should be that with the supports In the
tunnel, It is customary to use the alinement angles
measured by the vaw head. 1In case accurate drag meas-
urements are desired at moderate or high 1ift coeffi-
clents, this procedurc will probably not be sufficlently
accurate., A partial over-all check on the final accuracy
of thls second procedure may be cbtained by comparing
the final fully corrected data obtalned from erect- and
inverted-model tests of symietrical wing models.

If any difference exlists in the measured alinement
angles at the position of the wing and the tail, a cor-
rection must be made to the pltching moments of the model.
Thus,

aCy,
AC, = b¢ EEE (16)
where EIE will cdepend upon the model configuratlon,
kv

attitude, power condition, and so forth.

If the allnement-angle variation is not symmetrical
about the tunnel center line, small rolling and yawing
mements will result and may be used as additional condiw
tions to be satiefled. The rolling=- anrd yawing-moment
cerrections are usually rather small and of the rcame
gign for the erect-model and thce inverted-mcdel tests,
however, and thus are difficult to distinguich from the
effects of asymmetry of the model.

The method of determinlng the welighted alinement
angle from force testes at large values of HMach number
below the critical speed 1s essentially the =ame as at
small vslues of Mach number, although extra care 1s
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required to minimize irnterfeorence effecta. At Mach
numhers at which the supports or partz ¢f the model
near the supports bave reached a critical speed, the
difficulties & uncerteinties in obtalining tares
become excessive. No ratisfactory technigue for
obtalning support tares at rupercritical speeds has
vet been developed.

Buoyaney correction.- iar extensive theoretical
investigation of the effects of a static-pressure
fradient will be found in refercnces 2 and Z. MNMost
closed-throat wind tunrels are so desligned that the
staetic pressure in the region to be occupled by a model
1es constant and no correction 1s regulired. If a
gradient does exist, the drag correction is proportional
to the product of the gradlent and the effective volume
of the bodv, and the proportionality factor depends on
the shape of the body. A good arproximation to the cor-
rection for & three-dimensional body may be found from
the equatlon

1 TuEu d,E
ACp = -aj-af iy O (17)
L

«E.

A closer approximetion may be found by multiplyling the
correction as found from this equation by v'/v where
the effective volume v' 1s found by the methods pre-
sented in references 2 and 3.

Tares for correction method A.- The method of
determiring the tares will depend mainly upon the
physical limitations of the tunnel., In fact, it 1s the
limitations imposed by the tunnel on the method of meas-
uring tares that determine whether correction method A
or B can be used. In the following discussion the
supporis on whish the model is mounted for the normal
test rurs are called the normal supports and the sup-
ports on which the model 1s mounted for tare tests are
called tawre supports. In the usuel procedure for tests,
the model is mounted on the tare supports and two tests
are run - one with dummy supports (representing the
normal supports) in plece and one with the dummy sup-
ports removed. The difference in the measured data
between these two tests 1is then taken to he equal to
the tare.
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Two poscible ways are available for rmnning the
tects., The rodel may be mounted ir the normal posgition
on an auxilisry tare-support systewm conctructed to
measure all forces and moments; ore test mwr be run
with the normsl supports or cummy supports [exact
images of the normal svpports) in place and another with
the norral supports or dummles removed. Another method
2s to mount the model inverted on an auxiliary tare
support or on the normal supports, which then become the
tare supports for the tare tests, with dummy supports
connected to the model for one tect and removed for the
cecond test.

A basis for the discusrcion of tare-test procedure
will be provided by some ge:ieral tare equations repre-
senting correction method A with all tests run with the
model in the rormal position. The derivation 1s some-
what arbitrary, especially with resvect to the inter-
ference terms. The main nurpose of the equations,
however, 13 to show the Inaccuraciles and approximatlons
involved 1n the usval tare determinations and to indl-
cete methodes of *mproving the accuracy. For thls purpose
any of several ways of writing the ejquatlons will glve
tlie =are reculte.

The symbols L and D refer to the equivalent
clear-tunnel 11ft and drag; that is, Ly(l + 6p) 1is

the 1ift of the model mounted on the tare supports.
A1l the forces are reduced to coefficlent form and a
clear-tunnel q 18 used for simplicity and clarity in
tre Aderivation and subsequent discussion. Tt will be
shown that the accuranry of the tare determinatlons may
be 1mproved by some modifications to this procedure.
Tn the derivetion presented, only the equations for the
drag coefficlent &are shown.

The Aderivations of the equaticns for the 1ift and
tchirg-moment coefficlents are simlisr to the derlva-
on of the equation for tlhie drag coerficlent. The
vation f»or the 1ift coeflicient will be the same as
hat for the drag coesificlent exceprt that Cr and OCp
are interchonged and the signs »f the sallnement-angle
tcrms are rceversed. The alinement-angle terms are
neclicibtle, however, in the 1lift-coefficlient equation.
The pitching-moment-noefflclent equation wlll have the
same form as the drag-coefflcient equation without the
alirement-angle terms,

cr D oo
Qe
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For the derivation, the model is assumed to be
mounted In the normal erect posgition with the tare and
dummy supports located on the same surface of the model
(fig. 4). Tor actual test work the tare-support system
shown in figure 4(b) may not be satisfactory tecauce the
interference effects between the tare and dummy supports
may be excessive. The effect of the interference will
be shown by the equatinons., The tare-support system shown
1s ugsd for illustration, however, because 1t glves
simpler equations than {6r tlie case of the invérted model.
The changes Jn the equations reguired for the case of the
inverted model (fig. 5) will be indicated later., The
signeg of all forces dnd angles are taken with respect to
the tunnel rather than the model axes. From tests of the
model alone on tare support (fig. 4(a)),

CpySa = Dy{l + 67) + Dp(l + 6y) + Dryp - (€ + ber)Cry54

where
CDlSq drag ccale reading, pounds
CLlSq 1lift scale reading, pounds

DM(l + 6T) model crag in presence of tare supports
but not including changes in air-flow
angularity, transiftion, and so forth,
cauced by tare support

Dp(l + &y)  tars-cupport drag in presence of model but
not including changes in alr-flow angularity,
transition, and so forth,cauzed by model

Typ ' interlerence drag of both model and tare
! surports resulting from mutual changes in
alr-flow angularity, trarsition, and so
forth. (Yote that the word “incerference®
is veed here to dencte ary effects obtained
in acddition %to the cum of the effects
obtained from the separate parts.)

Then,

Dy(1 + o7) N Dp(1 + 6y) .\ Py
39 3q Sq

CDl - - ( € + AeT)CLl ( 18)

From tests of model on tare support with dummy support
or normel support in place (fig. 4(b)),
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= Pi_(l_.f_?f) (2 + &) + Dp(1 + &) (1 + 6p)

“Dg T Sq 2q

. (1 + 5 (1 + op) Ppp (1 + o)
Sq 3q

ETMT(l * GD) DTTD<1 + 6M)
) . ,

la}

Sq 2q

+

- CI <€ + AeT + ACI) (12)

A
[

]

The tare 1s taken asg ACDD=‘0D2 - bDl

8Cnys = Coy [(1 + o) (1 + 6p) - (1 + "3”2)]
+ CDT [(1 + E)M) (1 + 53) - (l + 51},@)]

+ CDD El + 51\’5) (l + 5T>] + CDI“FD(I * GT) ¥ CDIMT5D

+ CDImD(l + E)M) - €(3L2 - cLl)

- bep(Cr, - cLl) - hepCr,

Prom the test of the mndel on the normal support
(fig. 4(c)),

D
DM(I + 659 DN(l + Bﬁ) N &£§E - (e + Agﬁ)CLS (21)

T m—— s 2 At S

Cpg = S1 g

142]
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If tre durmy supports are exact images of the
normal surport (as they should be) or, better yet, if
the normal supports instead of dummies have been used,
all terms with subeceript N will be equal to the
corresponding terms wlth subscript D. The model coef-
ficient corrected for the tare drag 1s CD3 - ACDD; then

0p = Cp, E} +6p) = (1 + 8)(3 + 8p) + (1 + Op)]

+0p [(1+ 8y) - (2 + op)(3 + GMJ]
+ CDD[Kl + Oy ) -(1 + o) (1 + aTj] - CDIMDGT

- C 5 - C 1+ &) - e(b - Cr + C

or

= Cp,(1 - opdp) - Cp (1 * oy)op - Op, (1 + 51) 67

- CDIMDbT - CDIMTéSD = CDITD<1 + 61‘5)

- €Cp, + AeqACp + A€pACT, (22)
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If the tare determirations are made with the model
mounted inverted, it is assumed that the tare supports
are In the same position in the twunnel for these tests
as for the erect-model tests with the dwmmy supports on
the opposite surface of the model. (See fig. 5.) The
sigrs of some of tre terms are reversed for the tare
tects with the model inverted., TIn thils case also, the
1ift tare is ACLN = CLl - CL2 instead of CL2 - CLl

as for the tare tests with the model ercct. In the
final 1ift equatior all terms that arise because of the
presence of the tare surport have the opposite sign
from that indicated in equation (22). For the drag
equation, tlhe signs of some of the alinement-angle terms
are so reverced in the derivation that the equation wlll
he

Cp = Cp, - ACpy

it

CDM(l - 876p) = Cpp(l *+ By)0p = Opp(1 + By)op

- - -0 ,
CDlmpél CDIMTﬁD py,, (1 + oy)

D

- ¢Cyp - zeACLN + A€pAC, 4 AGTACLD (23)

-3

In equations (22) and (£3) the gquantities desired
are Oy = CLM and Cp = CDM - ech The €Cp term 1s

the alinement-angle correction term. The rest of the
terms in the equations are guantities that must be deter-
mined in another manner or wmust be reduced to a negli-
gible amount in order that thelr effect may be neglected.

The alinement-angle corrections to 1ift have
already been shown to be negligible., 1In all the equa-
tions for 1ift tares, the alinemcnt-angle terms may
therefore be neglected. From an examination of the equas
tions it can also be seen that if the tare tests (sub-
scripte 1 and 2) are reduced to coefflclent form by the
nse of & dynamic rressure equal to q(l + &p) obtalined
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from an air-flow survey with the tare rsupports in place,
all terms multiplied by &p 1in the final equation will

be elimirated. The factor 1 + &p will affect some of
the other terms In the equation and the ejquation becomes

5D — - 1+ 6“/’
Cn = C -(—-——’——>11+6MC +C - (=Y
p = Cp , )°n D D
M \I+ g L( )70y IMTJ 1+ 6T> Inp

- ECI_: + ACTACID + AcDACIAT ' (24)

with the same changes as previously noted for the tare
tests of the inverted model. he factors O and 0&p

will be of the order of 0.03 to 0.05 and all undeslirable
terms now remalning in the equation are second-order
effects except the CDTTD term, which 1s¢ small if the

tare and dummy supports are fairly far apart. Usually,
these terms are neglected but if greater accuracy 1is
required an estimate of their magnitude may be worth
while. The quantity BGACL,\T appearing in the equation

for the tare tests with the model inverted may bhe
accounted for by subtracting from the tare drag a
quantity equal to the tare 1ift times twice the clear-
tunnel alinement rle. The quantit; + 8,NCrn_+C

unn nement ang he guantity (l M) Dy UDIMT

can be measured by mounting the model by mweans of some
other system, such as wires or cables, in the usual
position with relation to the tare supports but not
connected to them. Measurement of the forces on the
tare supports will in this case include the Interference
of the mwodel on the supports. The main part of the ,
interference of the supports on the model 1ls included

in the terms 1 + &p and A€y appearing in the equa-

tions. If this method is not available, the quantity

(1 + 6M)CDT + CDIMT may be approximated., Measurement
of the forces on the tare support alene with the part of
the support to be enclosed In the model well faired will
glve OCpp. The factor &y can be estimated from

pressure-distribution curves for the region where the
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supports are atteched to the model, The gquantity CDI
TANT

1s more difficult to estimate,

The factor Cp may be found quite easily by a com-

rarison ol the dynamic-pressure surveys made for the
clear tunnel and the suvpports-in-place condition. The
quantities AeqnAC and A€.AC; along with the inter-

ference facter CDTTW are mutual interference eflffects
between the two sets of supports that must be determined
or eliminated. In mort caseg, the errcrs ceused by
neglecting the interference effects will be within the
accuracy of measurement. For example, when & value of
tare 1ift equal to 0.02 (fig. 1) 1&g uced, a change of
alinerent angle of 0.3 at the wing lifting line would
cause the ircrement of drag coefficlient from the
AsTACLﬁ term In the preceding equations to be aprproxi-
D

mately 0.,C0Cl. The AEDQCLT term should be of the

same order of magnitnde. An examination of the avallable
alr-{low eurveys Indicates that the main charge caused
by the sunport =struts is a curvature of the alr flow

over the supports wlth 1ittle change in the average

angle acrnse the wing span - that 1s, the average change
in alirement angle 1s probably much lecs then 0.3°,

Trie equlpment and methods used in making the tare
testes should be designed to ellminate or minimize the
interference between the two sets ol supports. The
Interference effects may be minimized by using tare and
dvmmy supports that are located as far ae possible from
each other on the model. When the two sets of supports
are located on opposite surfaces of the airfoll at the
came spanwise ctation, 1t can be showrn that the induced-
draz part of the tares may cccur as a double ervor in
the resultes rather than disappearing as might bhe expected.
It should also be remembered that the gquantitiles
AGTACLD and AGDACLT actually represent a spanwlse

Integsration of the values at each section., The main rart
f the changes in alinement angle A€y and A€y will

occur In the vicinlty of the tare and dummy sunports,
respectively. Tre fTarther apart the twso cets of supports
are located the smaller are the terms AGTACLD and

AGDACLT. Several poscible ways of mounting two rets of
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supporte to reduce the mutual Interference effects are
shown in figure 6.

From serodynamic consicderatlions, a wire suppert
system (fig. 6) setisfles rather well most of the
requirenents for & good tare-support system. Wire
supports cavee little change 1n air-flow angularity and
little chanpge in dynamic pressure. Several objections
to a wire support system are evident: Not all tunnel-
balance fremss are =o constructed that the wire system
mey be used:; the wires mast be preloaded the same for
both tare tests in srder to elimirate changes In wilre
drag dus co chaon
the wires decrued
n
T

3]
7

q
p
3]

o

ces in wire tension; the large drag of
ges the accuracy of determinlng the tare
35 stallstlon of a model with & wire balance
is dgifticule. I: addition, the wire support system will
probahiy have a low critlical speed and cannct be used

when nich Mach numbers are reguired, The support system
showsn in the center of figure 6 will protabhly also be

‘unseticfactory frcm a compressibility standpolnt. It has

drax: ard e 1

teen found iLrhat the wing-tip supports must be designed to
avold avnracianle 1ift tares; that is, the cross gection
mugt be circular or some sinilar ghare. The critical

)

speed of such a strat would then be low., If the two sets
of supports are plazed at a dilstance from cach other, it
cen be assumed that, for all practlcal purposes, thelr
mutual inbterfererce effezts will be negligible., For tare
determinations of complete models mounted on a single
strut at the fuszlage or for stability and control tests
in which the avsolute drag 1s not of prime imgortance,
the method of movnting the model inverted on tue normal
support for tare tests is satisfectory. An additional
point with regard to tere tests Is the Important effect
that may result from ary open slots on the suction side
of the wing et the point of attachment of the tare
supporte, Experience has shown that any such slots
should be sesled and falired smooth,.

If the tare and durmy supports must be placed close
together as in figure %, the 1nterference terms AETACLD,

ACDACLT, and CDITD may be determined by the use of a

third set of supports 3in conjunction with the usual tare
and durmy supports. 1f this procedure is followed,
resuits Trom three instead of two tests will be available
for detcrmining tares in order that the interference
effects may be found., The use of this procedure would
provably not be justified, however, unless the tares are
very large or unless the lInterference effects are
expected to be appreciable.

Teres for ccrrection method B.- For correctlon
method B, the origlaal air-flow survey is made with the
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nermal support in place and Includes the effect of the
supports on g ancd €. The tares ghould therefcre
not include any changes In g and € caused by the
supports. The tares in this case are then defined as
the direct alr forces on the supports plus the inter-
ference of the mocel on the supports plus any local
effects of the supporte on the model not included in
the air-flow survey, such as transition changes or
separation effects on alrfolls at the polint of attach=-
ment of the suppert to the model.

The direct air forces on the suppcrts and the inter-
ference of the model on the supports can be measured by
mountling the model independently of the balance by means
of cables and measuring the forces on the balance. In
order to measure the effects of the supports on transi-
tion and separatlon changes on the airfoll, it 1r neces-
sary to have a set of dummy supports. The model 1g
placed on the tare supports or unormal cupports and the
dummies are placed cloge to, but not in contect with,
the model. The difference between this teat and one
wlthout the dummies zives the Interference effect of
tre dummlies. An example of this procedure In use in
the Langley full-scale tunnel 1z shown in rcference 19.

The foregolng procedure is subject to several
inaccurscles., Any dummy supports placed near the model
cause changes in g and ¢ over the model., The effect
of these changes will then be included in the tares.

The tunnel surveys for the correction method B, however,
already include the effect of the supperts on q and ¢,
Part of the effects of the supports is thus apparently
accounted for twice. The errors caused by thils condl=-
tion may be minimized by reprcducing in the dummies

only that part of the supports nc¢ar the model.

In the correction method B the dynamic preassure
obtained from the alr-flow survey with the normal supports
in place is used for computing the coefficients for all
tests, By means of equations similar to equations (18)
to (24) it can he shown that in method B the error in
determining the tares willl be 0&p tlmes the total forces
rather than Op times the forces on the tare support as
for the correction method A. In order to correct for
this factor, it would te necessary to have a clear-tunnel
air-flow survey to determine ©Op. On the whole, it
appears that the correction method B wlll seldom be as
sccurate as method A and should be used only when 1t 1s
the only reasonable procedure available. '
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Wake chadow.- As stated previously, the wake
shadow may cause changes 1n total kead, static-pressure
gradient, dynamic pressvre, allnement angle, and turou-
lence. The existence of a wake shadow may be determined
quite easlly from total-precssurec surveys made at some
section of the turnel a2head of the model and compared
with total-pressure surveys at the same section with no
model 1in the tunnel., The survey should be made over the
entlre tunnel section at the survey plane, especially
near the stotic orificec in case the wake 1s deflected
from the center of the tunnel, -

Tt would seerm that n»o cxact solution of the rrob-
lems of wake shadcw is possible. Cne method of ecti-
mating the value of q when walte-ghadow blocking 1s
present is that used at the Tangley full-scale tunnel.
This tunnel is of the open-~throat type and It has been
found that the static pressure at the model position
with only the support struts in the twmrel 1s equal to
the pressure in the tect charber. Tor any particular
model the total pressure over a plane somewhat chead
of the model and the static precsure in the test
ctkamber are measured. The average value of q may
then be fonnd from an Integration across the model span

~h/2

J-b/2

Thls methond cdoes not appear to be readily or accurately
appliceble to closed-throat tunnels.

Az previously suggested, no satisfactory experi-
mental technique has yet been developed for measuring
all the effects of a wake shadow., If difficulties
resulting from wake shadow are found to exlst 1n a
wind tunnel, the best procedvre would probhably be to
modify the tunnel by zdding screens or diffuser vanes
ir. such a way that the wake chadow would be ellminated.

Wake Survey Tests
The prcceding discussion has been concerned with

corrections to the results of tests in which the aero-
dyrnamic forces and moments are measurec by means of
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the balance cystem on which the model is mounted. In
order to determine the varintion of the profile drag
along the wing span, wake survey tests are often made,
These survevs have also been used to determine the com-
bined drag tares and bucyancy corrections for some
models (reference 20). This method of testing requires
conslderavly more time than force tests but 1s the

only way of detzrmining the variation of profile drag
across the wing span.

For the wake surveys, the effect of the supports i=s
accounted for by computing coefficlients by use of a
dynamic pressure determired for the air-flow surveys made
with the suprorte in the tunnel, The actual q at each
point along the epan rather than the average value of g
must be used for determinlng the local profile-drag coef-
ficlents. Of course, ccrrections for compressibllity,
weke shadow, displacement blocking, and o forth, must
he made as for the force tests, but Jet-boundary and
alinement-angle corrections to the drag are unnecessary.
Jet-boundary and allnement-angle correctlons ars spplled
to the angle of attack. '

The total profile-draz coefflicient is obtained by
a summation of the section profile drag measured along
the snar.

Op = —eim—— (25)

Measuremente made at or near the supports will
include the profile drag of the supports. The drag of
the suppertas ls eliminsted Ly plotting the values of
¢G,cq eacross the rpan end feairineg a smooth curve

through the pointes, the values meosgured rear the supports
being ignored. The Integration irdicated In equation (25
iz then performed for the falred curve.

It 1s supgested that woke-survey measurements may
be uvsed to check trhe accuracy of the over-all correc-
tiore to the drag - that is, force tests are wade with
all necessary corrcctions appllied. The induced drag
is then accurately caleulated and subtracted from
thege results to glve the profile cdrag. IT the
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corrections applied are accurate, this profile drag
should check that determined from wake surveys across
the entire wirg. This procedure would also be expected
to be most rellable at low 1ift coefficients because

1t depends upon the accurate calculation of the induced
drag. At high 1ift coefficients, an additional source
of inaccuracy is the difficulty of making profile-drag
measurements 1n the region of the airfoil tip.

EXAMPLES CF CURRENT PRACTICE

Langley 19-foot pressure tunnel.- The calibration
and correction procedure used in the Langley 19-foot
pressure tunnel follows closely the procedure outlined
as correctlon method A. Tare tests are made with the
model mounted inverted, the normal supports used as
tare supports, and a set of exact-image dummy supports
mounted on the opposite side of the model.

Inasmuch as the static-pressure gradient at the
position of the mndel is essentially zero, no buovancy
corrections ore necessary. Total-pressure surveys
ahead of a typlcal model falled to disclose any evidence
of a weke shudow. The empirical formula given previously

1+ Z%T 1s used to correct the dynamic pressure for
displacement bvlocking.

The tunnel-wall-interference corréctions are applied
as the first corrections after the data are reduced to
ceefficient form and hefore any other correctlons are
applied. This procedure 1s used for all test runs,
including tare tests.

Langley 7- by 10-foot turnel.- In the Langley 7- by
10-foot tunmncl, correction method A is used and the
oraer of apnlylng the corrections is the same as that
given in the discvesion. This tunnel is a low-speed
higih-turbulence tunnel ured chlefly for stability and
control tests; therefore, most of the refinements
suggested In the preceding Aiscussion, particularly for
precise drag determinations, are unnecessary.

Models in this tunnel are mounted on a single sup-
port strut, which 1s sealed as it passes through the
bottom of the tunnel. Tares are determired by mounting



36 NACA ARR No. L[4E31

the model irnverted on this normal support strut and
using a dwmmy strut that is an image of the lower
strut. Tt is unnecessary to convert the tares to
coefficlent form before their application to the model
dats because a constant predetermined dynamic pressure
can be ralintained. Tare moments must, however, ULe
transferred through the model before they are applied.

Alinement-angle tests are not run for each model
but are run with two =tandard wings of different spans
and chceked occaszionally. Because the variatlon in ¢
across the tunnel is not enough to show any difference
for the two standard wings, the weighting procedure
for different wing plan forms 1s not neceszary. Changes
of the order of 0.2° in the alinement angle have been
noted over a period of =several years. The necessity of
periodic check teste 1s thus indicated. The accuracy
of the drag balance makes posslble the determination of
the alinement angle to within about 0.05°. The impor-
tance of exactly reproducing the tunnel leakage condi-
tions for alinement-angle and tare tests was demonstrated
in the Langley 7- by 10-foot tunnel when alinement-angle
teste were run after a new streamline falring had been
added to the support strut., Tests made with the lower

end of the strut having sbout a %-inch annular gap but

with the dummy sealed showed an alinement angle of
0.1°. When the gap was completely sealed, the alinement
angle was changed to -0.1°,

In the region occupled by the model the cstatic-
pressure gradient ls substantially zero and no bucyancy
correction is necessary.

Because relatively large models are often tested
in such tunnels, & rather extensive investigatlon of the
tunrel-wall interference has been conducted for 7- by
10-f50t tunnels. The numerical results for tunnels of
this size as well as general methods applicable to all
tunnels will be found in references 8, 9, and 10.

Langley full-scale tunnel.- The large size and the
open throat of the Langley full-scale tunnel have made the
installation of exact-image dummy supports difficult.

For this tunnel, therefore, correction method B is used.
A1l teste are computed from alr-flow surveys made with
the support struts in place. The alinement angle used
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in correcting the data is that obtained from the yaw-
head surveys with supperts in place.

Several methods are used for determining tares.
One method used is that descrived previously for
correction method B, In which the tares are determined
in two parts (r=2fereace 19). Another method used fre-
quently at present for measuring drag tares is the
wake-csurvey methocd. Tre normal support struts in this
tunnel are ususlly attached to the under surface of the
wing. Wake-survey measurements of the profile drag are
mede at a number of sparwlse stations and very small
intervals are used neur the support-strut location. A
smeoth curve is ottained for the variation of profile
drag alcng tke wing at some distance from the suprort.
4s the support is approscned, the drag rises considerably.
It 1s sssumed thet the wing profile dreg will show a
uniform varlation; therefore, a curve 1s arbitrarily
faired, and those polnts near the support are neglected.
The integrated difference between this curve and that
drawn through the measured values of profile drag gives
the tare.

It is in the Langley full-scale tunnel that the
problems of the weske shadow have probably been investi-
gated mcst extenslively. The existence of the wake shadow
was discovered during tests to clieck some calculated jet-
boundary correctiors {(reference 4). Its effects were
investigated on 2 full-clze airplene by meacuring the
dynamic precssure and statlc pressure at several polnts,
near the airplane in rlight and then in the tunnel. A
cowrparicon of the re=ults showed a decrease cof about
6 percent in the average dynamic pressure arcund the
ajrplare when placed in thne tunnel. In addition, the
static-prescsure gredient was altered in such a way as
to canse an increace in drag of abtout & percent of the
mirimum drag when the sirplane was placed in the tunnel.
These figures were odbtaired for & tiplane that was
rather unclean aerodynamically., For airplanes of modern
design the effects of weske blocking are considerably
snmaller. For plain airfoils, for which no flight tests
were available, it was recessary to make a theorctlcal
estimate of the undisturbed field around the airfoil,
The effects of the alrfoil field of flow were then sub-
tracted from the measured total pressure, dynamlc
pressure, and static pressure at & point ahead of the
airfoll to obtaln the corrscted values.
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The correchtion for wake blocking is now obtained by
measuring the total pressure ahead of a model and the
static precerure in the test chamber, which 1s equal to
the statis pressvre at the model position, and applying
Bernoulli's thenrem to obtain the free-stream dynamlc
pressure.

Buoyancy corrections are not necessary for plain-
wing wmodels mounted in the usual position. I the
model to be tested has a fuselage, however, buoysasncy
corrections are required.

Measurements have chown that the effect of the
exlt cone of thie tunrel on the alr flow behind a model
is of avproximately the same magnitude as and of
opposite sign from that due to jet-boundary interference.
The pltching-moment corrections that are requlred to
account for the jet-houndary interference are thus
usually negligitle.

CONCLUDING REMARKS

Detalled methods have been preserted for determining,
to a high cdegree of accuracy, the corrections to wind-
tunnel teste of three-dimensional models for the effects
of the model-support system, the nonuniform ailr flow in
the twnnel, and the tunnel walls or jet boundaries. It
should be remembered, however, that the most reliable
results are generally obtalned in that condltlon for
which the required correntions are the smallest. If,
during the air-[low surveys and allnement-angle tests,
any marked lrregularity is evident in the alr stream,
the best procedure would probably be to modify the wind
tunnel to elimlnate the necessity of large corrections
to the measursd data. Screens and deflecteor vanes
properly located can be nzed to adjust the alr-flow
conditisns to obtain more uniform flow or to eliminate
any serious effects of wake shacdow. Sealing the support
strmts and fairings and any other openings in the tunnel
will help to eliminate some of the uncertalnty In deter-
mining tare, alinement-angle, and static-prescure-
gradient corrcctions. Careful design of the support
struts and thelr means of attachment to the model will
minimize the tare corrections.
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The accuracy to which the corrections must be deter-
mined and the time to be spent in calibrating the tunnel
must ultimately be decicded by the tumnel operator from
considerations of the purpose for which the tests are
being conducted, the precision required in the final
results, and the time available for determining and
aprlyling the corrcctions.

Langley Nemorial Aeronautlical Laboratory
National Advisory Committee Ifor Aeronautics
Langley Fileld, Va.
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